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ABSTRACT

Multilayer copper/niobium/copper interlayers consisting of 3 um thick cladding layers of copper on a
125 pm thick niobium core layer were used to join aluminum oxides at 1150°C or 1400°C, or both.
Three microstructurally distinct aluminum oxides were joined — a 25 pm grain size 99.5% pure
alumina, a submicron grain size 99.9% pure alumina, and single crystal sapphire. Two-phase interlayer
microstructures containing both copper-rich and niobium-rich phases developed during bonding. In
some cases, the initially continuous copper film evolved via Rayleigh instabilities into an array of
discrete copper-rich particles along the interlayer/alumina interface with concurrent increases in the
niobium/alumina contact area. Processing conditions (temperature and applied load) and the alumina
microstructure (grain size) impacted the extent of film breakup, the morphologies of the copper-rich
and niobium-rich phases, the interlayer/alumina interfacial microstructure, and thereby the strength
characteristics. Joints possessing a large copper/alumina interfacial area fraction were comparatively
weak. Increases in bonding pressure and especially bonding temperature yielded interfaces with higher
fractional niobium/alumina contact area. For joined polycrystals, such microstructures resulted in
higher and more consistent room temperature fracture strengths. Joined 99.9% alumina polycrystals
retained strengths >200 MPa to 1200°C. Relationships between processing conditions, interlayer and

ceramic microstructure, and joint strength are discussed.

Keyworbs: alumina, sapphire, niobium, copper, ceramic joining, metal/ceramic interfaces, interfacial
dewetting, grain boundary grooving, fracture, adhesion, fracture strength, temperature

dependence of strength.
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InTRODUCTION

Advances in processing science and manufacturing continue to improve the properties of both
structural and electronic ceramics. However, the practical use of ceramics often requires that they be
intimately connected, i.e., chemically bonded, to other ceramic or metal components. Joining constitutes an
important aspect of processing ceramic-based and ceramic-containing assemblies and devices. Producing
metal/ceramic joints with reproducibly good properties is thus technologically important.

Diffusion bonding and brazing are two established routes to joining ceramic components by means
of metallic interlayers [see, for example, 1-5]. Diffusion bonding is well suited to forming refractory joints.
However, meticulous surface preparation, high applied loads, and prolonged periods at high temperatures
(potentially exceeding the desired application temperature) are often necessary to form reliable diffusion-
bonded joints. In contrast, brazing generally requires clean but not polished surfaces and more modest
loads; these characteristics, coupled with a short process time, make this method more attractive for mass
production. The fabrication of brazed joints suitable for high-temperature applications requires the
development of refractory brazes. Attempts at brazing with pure nonreactive high melting point metals
(e.g., platinum) have been unsuccessful [6]. Reactive metal additions to a braze produce more favorable
wetting behavior, and can improve joint properties, however, such additions are not a panacea. Since high
service temperatures require even higher brazing temperatures, undesirable chemical reactions between the
braze and the components to be joined, as well as deleterious chemical and microstructural changes in the
joined components become increasingly difficult to avoid. Therefore, the development of techniques for
joining ceramics at or below their intended service temperature has been of great interest.

Partial transient liquid phase (pTLP) bonding [7-17] produces refractory joints at relatively low
temperatures. The process is essentially an extension of the solid-liquid interdiffusion (sL1p) and transient
liquid phase (TLp™) techniques developed by Bernstein and Bartholomew 18] and Duvall et al. [19],
respectively. The current study applies a variant of the pTLP method to the joining of alumina via
copper/niobium/copper interlayers. Prior work [10, 17] has shown that strong joints can indeed be

fabricated by this technique. The present study clarifies the mechanism of joint formation. The effects of
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processing conditions (temperature, applied load, and ambient atmosphere) and alumina characteristics
(grain size, purity) on the interlayer/ceramic interfacial microstructure are described, and the resulting
microstructural differences are related to differences in room-temperature and/or high-temperature

fracture behavior.

BAckGROUND

The current bonding approach uses a multilayer metallic interlayer. Both of the ceramic surfaces to
be joined are coated with a thin cladding layer of a low melting point metal, copper in this case. A thicker
core layer of a high melting point metal, niobium in this study, is inserted between the coated surfaces. The
bonding temperature used, 1150°C or 1400°C, is such that the cladding layers melt, while the core layer
remains solid. Consequently, the wetting behavior of the liquid (copper) on the ceramic (alumina) and core
layer (niobium) is of interest. Additionally, since the solubility of copper in niobium is limited [20], a two-
phase metallic microstructure persists within the interlayer, and both copper/alumina and
niobium/alumina contact regions can develop at the metal/ceramic interface. Properties (e.g., strength and
effects of impurities) of the copper/alumina and niobium/alumina interfaces are thus also important.
Studies addressing these issues (wetting and interfacial properties) are briefly reviewed here;
complementary discussions can be found in prior publications [17, 21].

Prior Work on N1oBium/ALuMINA INTERFACES

Interface Fabrication

Niobium/alumina interfaces can be generated by internal oxidation of aluminum-niobium alloys
(22, 23], and also by the deposition of niobium overlayers onto sapphire [24-29]. Interfaces produced by
these methods exhibit preferred misorientation relationships. In some cases, the close-packed (110) planes
of niobium align parallel to the close-packed (0001) oxygen planes in alumina, while in other instances,
misorientation relationships that result in good lattice matching at the interface develop. Such preferred
misorientation relationships have been duplicated by diffusion bonding suitably misoriented single crystals

of niobium and sapphire; other misorientation and boundary plane orientations have also been produced by
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diffusion bonding. The use of polycrystalline niobium, alumina, or both can be employed to further expand
the misorientation range sampled. Collectively, such samples have been used to examine the strength and
fracture characteristics [28, 30-37], bonding mechanisms [25, 29, 31, 38-43], and interfacial structure [22-
24, 26-28, 38-40, 44-46] of niobium/alumina interfaces.

Diffusion bonding has been the most common method of interface fabrication. Bonding
temperatures have ranged from 920°C to 1950°C and applied loads from 2 MPa to 16 MPa. Successful
joining at temperatures below =1400°C generally requires sputter-cleaning of the well-polished surfaces,
and the use of ultrahigh vacuum (unv; =108 Pa) conditions. In the initial stages of diffusion bonding,
niobium/alumina interfacial area is increased by plastic deformation of the metal (and sometimes the
ceramic). At temperatures above =1700°C, substantial dissolution of alumina in niobium occurs [47], and
reprecipitation of alumina at interfacial voids during cooling can contribute to flaw elimination [38-42]. At
more modest temperatures (e.g., =1450°C), work by Reimanis [43] indicates that void removal at
niobium/sapphire interfaces is rate-limited by niobium volume diffusion, and is thus sluggish; void removal
was incomplete even after 18 h at =1450°C.

Interface Characterization

Rithle, Mader, and coworkers [22, 23, 26, 38-40, 44-46] have used high resolution transmission
electron microscopy (HRTEM) to determine the structure and chemistry of niobium/sapphire interfaces.

Interfaces in which (110)y, H(OOOl) , or those that exhibit good lattice matching have been studied.

Sapphire

The special interfaces examined are coherent, with periodic misfit dislocations located at a stand-off
distance from the interface. Knauss and Mader [46] and Ohuchi [25, 29] have investigated whether
aluminum or oxygen composes the terminating layer in alumina at the niobium/alumina interface; the
results suggest that the termination depends on the experimental conditions.

Work of Adhesion and Fracture Energies

The work of adhesion, W, , is often defined as the energy required to cleave (and thus remove) an
interface, and to produce two free surfaces. The interface and surface energies are amenable to calculation,
and thus, first-principles calculations have provided estimates of W, . The value of W, will depend upon

the crystallographic details of the interface and surfaces, but also on whether the interface and surface
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structures are allowed to relax to equilibrium. Equilibrium with the ambient environment is also an
important consideration; Saiz et al. 48, 49] have pointed out the potential for oxygen partial pressure
( o, ) effects on interfacial energies,7and thus, on W, in metal/alumina systems. Batirev et al. [51] use

the term (mechanical) work of separation, W, to consider situations in which, for example, relaxation or

S
equilibration of the surface structure does not occur.
Several recent first-principles calculations [51-53] have focussed on assessing the structure and

niobium/sapphire interface. Particular attention has been

energy of the coherent (1) (000,
given to determining whether the sapphire is terminated by aluminum (as is predicted for sapphire/vapor
interfaces over a wide range of oxygen partial pressure [54]) or is terminated by oxygen (as suggested by
experimental work). The calculations indicate that at equilibrium the terminating plane hinges on the
ambient oxygen partial pressure ( po, )- Since W, for an aluminum-terminated surface (stable at low

po, ) is roughly one-fourth the value for an oxygen-terminated interface, substantial changes in the work of
adhesion (or the work of separation) could be induced by changes in the ambient oxygen potential [51, 53].
Depending upon the exact position of the cleavage plane, and whether or not the surfaces created by

fracture are allowed to relax, values of W, ranging from 2.8 to 9.8 J/m? are predicted [52]. A more recent

SEP

and refined calculation by Zhang and Smith [53] suggests values for W, of 2.6 and 10.6 J/m? for cleavage

SEP
of aluminum-terminated and oxygen-terminated niobium/alumina interfaces, respectively.

The work of adhesion provides a lower bound on the work of fracture. As a result, one can
anticipate that the fracture energy will exceed the work of adhesion unless experiments are designed to

minimize the contributions of plastic dissipation. Spallation experiments in which plasticity effects were

interfaces [28]. However,

minimized indicate a fracture energy of 0.6-0.8 J/m? for (111)yy, H(OOO l)Sapphire

more generally, reported fracture energies are substantially higher than computed W, values. In the
niobium/sapphire system the fracture energy depends upon the relative misorientation of the niobium and

sapphire, the orientation of the niobium/sapphire interface plane, the crack propagation direction, and the

UA recent study of equilibrium shapes of magnesia particles in a copper matrix that has been equilibrated with a wide range of
ambient oxygen partial pressure provides clear evidence that interfacial energies in a solid-metal-metal-oxide system depend on

the oxygen potential [50].
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processing conditions (time, temperature, pressure) [32-37, 55]. Fracture energies as high as =2400 J/m?

have been reported for niobium/sapphire interfaces with (110)yy, H(OOOl) (33, 36, 37], while other

Sapphire
orientation pairs exhibit fracture energies as low as =60 J/ m? 32, 33, 35-37]. The introduction of
polycrystalline niobium foils or polycrystalline alumina will decrease the prevalence of such favored
misorientation relationships. For example, polycrystalline niobium/sapphire couples have fracture energies
in the vicinity of =60 J/ m?2, as only a small fraction of niobium grains are Iikely to be oriented such that the
interfaces have high fracture energy [32]. However, all of these values are much larger than W, , and it has
been proposed that the work of fracture is proportional to W, where n > 1 [56].

The microchemical and microstructural characteristics of the niobium and the alumina used can
also impact the fracture energies and fracture path. Impurities in the metal or in the ceramic, or impurities
intentionally introduced on the bonding surfaces by sputter-deposition can have beneficial or deleterious
effects on the fracture energy. Sputter cleaning and vnv diffusion bonding at 1000-1200°C produces
interfaces having a fracture energy close to that obtained from conventional high vacuum diffusion bonding
(>1400°C, no sputter cleaning). Titanium increases the fracture energy while silver decreases the fracture
energy (35, 36]. The use of “weaker” aluminas will tend to shift the fracture path to the ceramic [30];
impurities in the ceramic such as silicates may introduce silicon into the interlayer, embrittling it, and
promoting failure within the metal layer [30, 57].

Fracture strengths depend upon the test method, the sample size, and are sensitive to the flaw
population. Klomp [58] reports that Elssner and Krohn [57] prepared diffusion bonded joints at 1300°C,
1400°C, and 1600°C with room-temperature strengths of 259 MPa, 198 MPa, and 365 MPa, respectively,
suggesting “strong” joints can be fabricated. Morozumi et al. [31] diffusion-bonded sapphire between two
niobium polycrystals at 1500-1800°C. Tensile tests performed on these joints revealed an average strength
of 120 MPa at room temperature. Strengths near 100 MPa were maintained up to =900°C, but fell to =35

MPa at 1000°C and =15 MPa at 1600°C. Extensive plastic deformation of the niobium was noted at the

highest test temperatures,
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Prior Work on CoprPER/ALUMINA INTERFACES

Interface Fabrication

Paralleling the work on niobium/alumina, copper/alumina interfaces have been produced by
internal oxidation of copper-aluminum alloys [59], by deposition processes [e.g., 29, 60, 61-67], and by
diffusion bonding [55, 68-75]. Several studies on copper/alumina interfaces have shown that interfaces in
which (111) copper is parallel to the (0001) close-packed oxygen planes in alumina are preferentially
formed [59, 60, 63, 66-68] and prompted the production of crystallographically similar interfaces by
diffusion bonding [75].

Interface Characterization

High-resolution Tem studies of (111),, [(0001) interfaces generated by either internal

Sapphire
oxidation [59] or by diffusion bonding [75] have been performed. However, unlike niobium/alumina
interfaces, TEM observations found even these special interfaces to be incoherent [59, 75]. Photoemission
spectra [61] indicate that copper interacts weakly with alumina; the spectra are consistent with the proposal
that copper bonds to the oxygen atoms on the alumina surface [62].

Work of Adhesion and Fracture Energies

Solid-copper/alumina interfaces have been the subject of theoretical study [62, 76]. Calculations by

interface. This result is in reasonable

Zhao et al. [76] suggest W, =0.9 J/m? for the (111),

(0001)s,pphire
agreement with experimental values [60, 67].7 (If an unrelaxed (0001) sapphire surface is formed, Wy, is
2.9]/m2.) We note that these values of the work of adhesion for copper/alumina interfaces lie below those
indicated for niobium/alumina interfaces.

As was the case for both niobium/sapphire interfaces, the work of fracture for copper/sapphire

interfaces is substantially higher than W, . For copper/sapphire interfaces, the work of fracture is strongly

affected by oxygen impurities. Studies by Riihle et al. [75] indicate fracture energies for

(111)Cu

interraces or the order o - m<“ when the co er 1s ure versus -
0001 interfaces of the order of 150-200 J/m?2 when the copper is “pure” 500-1350

Sapphire

J/m2 for copper containing 60 ppm dissolved oxygen. Studies by Reimanis and coworkers also show effects

o By assessing the equilibrium shape of solid droplets of copper on (0001) alumina substrates, the work of adhesion can be
calculated from the droplet geometry.
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of oxygen content on interfacial microstructure [73] and fracture energies [77]. Diffusion bonding under a
rather modest vacuum, and thus, a potentially high ambient Po, has produced joints with an average bend
strength of 177+13 MPa [74].

WETTING STUDIES

In order for a liquid to flow into and fill gaps between two parallel solid surfaces, the condition
0 c + 6,5 <180° must be met, where 8; and O, are the contact angles of the liquid on the ceramic
and on the metal core, respectively. If the surfaces are rough and locally diverge, then a lower contact angle
sum is required to fill gaps. Unfilled gaps become interfacial defects or flaws that can limit the strength of
the interface and serve as failure initiation sites. As a result, the wetting behavior of copper on both alumina
and niobium is of interest.

The effects of oxygen on the wettability of liquid copper on alumina have been examined [69, 78-
81], and studies consistently reveal that 8, is reduced at higher ambient Po, - For “pure” copper on
alumina, contact angles in the range of 120-140° are typical in the low po, range. The oxygen activities
associated with 0} < 120° are far greater than those believed to be present in the current study, and thus
other additives that lower 8, or a sufficiently low 6}y are vital to successful bonding.

The addition of metals such as titanium or chromium to copper can significantly reduce its contact
angle on alumina. In the case of titanium, the reduction occurs by formation of a thin reaction layer at the
copper/alumina interface [82, 83], i.e., reactive wetting. For chromium, the contact angle reduction has
been attributed to the segregation of metal-oxygen clusters (CrO) to the copper/alumina interface [84].
Niobium additions also reduce ;. of copper on alumina [12, 85]; however, the mechanism by which this
reduction occurs is not known. Nakashima and coworkers [12] examined the wetting behavior at 1150°C of
copper containing 2 wt % niobium on alumina under low ambient po, conditions ( po, = 107 atm).
Upon heating to 1150°C, the copper-rich liquid exhibited a lower initial contact angle (105°) than “pure”
copper on alumina (=125°) at 1150°C [12]. In contrast to pure copper, the contact angle of the copper-
niobium alloy decreased with increasing time, reaching values <20° after 5 h at 1150°C. At higher

temperatures (e.g., 1400°C) this reduction in 8, is likely to occur more rapidly. The temperature
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dependence of 6, is not known. The temperature trends of pure copper [86-88] and other metals on
oxides [89] would suggest a decrease in 8 as temperature increases, however, the temperature
dependence of segregation and its impact on surface and interface energies must also be considered.

The contact angle of copper on niobium decreases significantly as the temperature is increased,
from =67° at 1090°C [90] to <2° at 1500°C [91]. The work of De Lima et al. [90] indicates that contact
angles for copper on niobium increase as the oxygen content of the niobium increases. Sessile drop
measurements by Nakashima [12] evaluated the wetting of 99.999% pure copper on 99.99% pure niobium
foil at 1150°C in vacuum. The results indicated an initial contact angle of 67°, which decreased to =40° in 5-
10 min, and decreased more slowly to =28° after 4 h at 1150°C. If the time-dependence of the contact angle
formed by copper-rich copper-niobium alloys is due to progressive dissolution of niobium, then with
increasing time, an increasing fraction of interfacial defects should be removed provided liquid
redistribution is possible. At higher temperatures, where the contact angle sum is much lower and more
rapid dissolution is expected, liquid redistribution and flaw filling should occur more rapidly.

Prior work oN ALumMiINA JOINED WITH Cu/NB/Cu INTERLAYERS

Shalz et al. [10] found that strong (181£45 MPa) alumina joints could be prepared using
multilayer copper/niobium/copper interlayers by processing in a molybdenum hot press at 1150°C using a
5.1 MPa applied load. In contrast, Marks et al. [17] found when joints were prepared in a graphite hot press
at 1150°C with a 2.2 MPa load, the strength decreased dramatically. Samples that survived beam
preparation and were tested had an “average” strength of only 78 MPa and a standard deviation of £22
MPa, however, these figures overestimate the strength and underestimate the scatter. For both joints,
failures occurred primarily along the alumina/interlayer interface. Initially, it was believed this strength
difference might reflect the very different ambient po, in the two hot presses used and its impact on the
wettability of liquid copper on alumina and niobium."”

Effects of ambient po, were suggested when samples were subjected to post-bonding anneals [17].

A modest strength decrease and an increased fraction of interfacial failures followed =200 h anneals at

U The ambient po, in the graphite hot press is expected to be significantly lower than that in the molybdenum hot press. Saiz et
al. [92] have shown that copper containing oxygen has a lower contact angle on niobium than 99.999% pure copper.
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1000°C in low o, gettered-argon; vacuum anneals of similar duration at 1000°C had no obvious effect on
strength and failure characteristics.

Bonding temperature had an important effect on joint characteristics [17]. Assemblies produced in
a graphite environment at =1400°C with a 2.2 MPa applied load had an average strength of 241+18 MPa,
and =75% of the 42 beams tested failed in the ceramic. Ceramic failures continued to be observed in high-
temperature fracture tests performed up to 1100°C, suggesting a strong interface was produced. The
fracture energy and fatigue properties of joints produced under these conditions are currently being

examined by Kruzic et al. [93].

ExpPERIMENTAL PROCEDURES

MaTERIALS

Blocks of 2 99.5% pure, 298% dense alumina (apg995, Coors TEcuNIcAL CErRAMICS Co., OAK
RipGE, TN) were used for joints processed at 1150°C. Blocks of a higher strength 99.9% pure, 298% dense
alumina (ssa-999wNikkaTO Corp., Osaka, JaPAN) were used for one of the joints processed at 1400°C,
while cylindrical sapphire plugs (INnsaco Inc.,, QuaKERTOWN, PA) were used for the other. The joining
surfaces of the polycrystalline alumina substrates were ground flat with a surface grinder and lapped (1-2 h)
with progressively finer diamond suspensions (SoutH Bay TecHNoLoGIES, SAN CLEMENTE, cA). After
polishing with 6 um, 3 pm and 1 pm diamond media, the final polish entailed lapping with colloidal silica
(STRUERS, WESTLAKE, OH) on a polyurethane plate. The circular (0001) faces of the sapphire plugs had an
optical finish, and required no further polishing. Samples to investigate interfacial microstructure evolution
were fabricated using =0.5 mm thick, high-purity, optical finish, c-axis (+=1°) sapphire substrates (MELLER
Orrics Inc., PRoVIDENCE, r1) that also required no additional polishing.

A 125 pum thick (99.99% pure) niobium foil (GoobreLLOW, BERWYN, PA) was cut to the size of the
joining surface for each experiment. A commercial wire (ConsoLipATED CoMPANIES WIRE AND

AssociaTeD, CHICAGO, IL) served as the copper source. The copper and niobium sources are the same as
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those used in previous experiments by Shalz et al. [10] and Marks et al. (17, 21], and were prepared using
the same procedures employed previously.
CoATING PROCEDURE

The alumina substrates were cleaned in an ultrasonic bath using a variety of solvents (soap and
water, distilled water, acetone, and isopropyl alcohol) prior to annealing in air (=1000°C for 1 h) to burn off
any organics remaining from the cleaning solutions. Copper wire was cut into small pieces and cleaned in
isopropyl alcohol. The pieces were then bright-dipped in a nitric acid:water (5:1) solution for 5-10's.
Immediately after bright-dipping, the copper was rinsed in distilled water and left to soak in isopropyl
alcohol. Prior to loading the copper into the deposition system, it was rinsed in nanopure water (=18
MQ-+cm) and dried with hot air. The annealed substrates were then placed inside the deposition chamber,
and the copper was placed in tungsten wire baskets approximately 3-7 cm above the substrates. After the
chamber evacuated to 2.5 x 104 Pa, the copper was heated until it melted. During heating and evaporation,
the chamber pressure typically rose to between 3 x 10-3 Pa and 3 x 10-2 Pa. The coated substrates were
kept inside the vacuum chamber until joint assembly. The amount of copper evaporated was chosen to
yield an =3 pm thick coating. Actual thicknesses are summarized in TABLE 1.

Bonbping ConpiTions anp HoT Press Specrrics

Niobium foils were degreased in water and detergent, ultrasonicated in isopropyl alcohol, rinsed in
ethanol, then in nanopure water, and dried with hot air. The copper-coated alumina substrates were then
removed from the vacuum chamber and loaded into a hot press with the niobium foil sandwiched between
the coated surfaces. The joints were processed under vacuum (=102 Pa) in either a molybdenum
element/molybdenum heating shield hot press with alumina furniture, or a graphite element/graphite
shield hot press with graphite furniture. TABLE 1 summarizes the processing conditions for each joint, and
notes any interruptions (holds) in the heating cycle needed to maintain a vacuum below =10-2 Pa.
Assemblies were heated at 4°C/min, soaked at the bonding temperature (1150°C or 1400°C) for 6 h, and

cooled at 2°C/min.
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Beam PrerarATION

Each bonded assembly was machined into 2 cm x 4 cm x 3 mm plates. One of the 2 cm x 4 cm
surfaces was ground flat and polished to a 1 pm finish. The 99.5% alumina plates were successively polished
with 15 pm, 6 um, and 1 um diamond paste on a vibratory polisher. The polishing of 99.9% alumina and
sapphire plates used the same lapping technique as for joining surface preparation. Each plate was
subsequently machined into beams of =3 mm x =3 mm cross-section. Both =4 cm-long edges of each beam
were bevelled on a metal grinding wheel impregnated with 6 pm diamond abrasive. The polished and
bevelled side of each beam served as the tension face in mechanical testing. For the sapphire joint,
additional polishing was done on the sides adjacent to the tensile face to remove flaws introduced during
machining,

MEecHaNicaL TESTING

Prior to mechanical testing, beams were ultrasonically cleaned in ethanol and blown dry with hot
air; this removed excess water from pores in the ceramic. The beams were loaded in a four-point bend test
jig such that the interlayer (niobium) was at the center of the inner span (9 mm); the outer span was 25
mm. A flat crosshead was then lowered until it nearly contacted the jig, and was subsequently lowered at 50
pm/min until the beam fractured.

Strength measurements at elevated temperature were performed in a similar manner to room-
temperature tests. A graphite jig with the same span dimensions and a displacement rate of 60 pm/min
were used. The sample and jig were loaded into a flowing-argon atmosphere furnace with a graphite ram
and tungsten heating elements and shields. The sample was held under a small constant load (equivalent to
=9 MPa for the present sample dimensions) during heating so that displacements due to thermal expansion
would not prematurely overload the beam, i.e., the system was under load control. The sample was heated
at =10°C/min. When the testing temperature (800-1300°C) was reached, the system was held for 15-30
min prior to increasing the load (via displacement control) to allow thermal equilibration.
Load/displacement data was obtained via a computer data acquisition system.

For both room-temperature and high-temperature tests, the stress was computed from the

maximum load during testing (typically the load at fracture) using standard static loading analyses for
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monolithic materials. Fractures were characterized as either ceramic or interfacial failures based on visual
inspection. Joints that failed along a metal/ceramic interface were further examined using an optical and/or

a scanning electron microscope (SEM).

REesuLrTs AND Discussion
ErreECT OF AMBIENT ATMOSPHERE AND APPLIED LOAD ON JoINT CHARACTERISTICS

Prior work (10, 17] using the 99.5% alumina indicated that significantly different strength
characteristics and failure modes arose when the bonding environment, applied load, and temperature were
changed. To verify the striking differences between joint properties obtained in bonds prepared at 1150°C
in molybdenum versus graphite hot pressing environments, the original experiments were repeated.
However, to minimize the possibility of inadvertent differences in processing, the materials for these two
joints were prepared concurrently and subjected to identical polishing, cleaning, coating and assembly
procedures. Both joints were then processed at 1150°C, one in the molybdenum hot press using a 7.5 MPa
bonding load, the other in the graphite hot press using a 2.2 MPa load. Ideally, only the hot pressing
environment and the applied load differ. After bonding, identical machining and polishing procedures were
used to produce beams subjected to identical bend test conditions.

The failure probability versus joint strength characteristics of the two prior and the two new 99.5%
alumina-based joints processed at 1150°C are shown in Figure 1. Beams from the new joint processed in the
molybdenum hot press and at higher load had an average fracture strength (205 MPa), a standard deviation
in strength (+49 MPa), a strength range (120-275 MPa) that closely resembled those obtained in the prior
experiment [10]. There was a higher incidence of ceramic (as opposed to interfacial) failure in the new joint,
perhaps reflecting improved surface preparation procedures. When comparing these results to those for the
new joint prepared in the graphite hot press, the average strength is somewhat higher (205 MPa versus 173
MPa), and the standard deviation is smaller (49 MPa versus 73 MPa). The most striking difference in the
current set of bonds was in the range of strengths displayed: 69 to 290 MPa (graphite, 2.2 MPa) compared
to 120 to 275 MPa (molybdenum, 7.5 MPa). The relatively larger scatter and relatively lower strength for

the bond prepared in a graphite environment and at lower load are consistent with prior findings [10, 17].
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However, the difference in average strength indicated in the current set of bonds was much smaller than
previously observed."

For both joints, most beams failed along the alumina/interlayer interface, but at stresses that varied
over a relatively wide range; the few failures that originated and propagated entirely within the ceramic are
denoted with open symbols in Figure 1. Figures 2 and 3 show the metal side of beam fracture surfaces from
the joints processed in the molybdenum and graphite hot presses, respectively. For each set of images,
beams that spanned a range of fracture strength were selected. Each image within a set was taken at a region
of the ceramic/interlayer interface along or near the beam tensile edge. The grain structure seen in all
images is not of the niobium, but instead is the imprint of alumina grain boundary grooves on the metal.
The prevalence of this imprint in all images indicates that the area fraction of ceramic/metal contact was
high in all beams. This suggests that the observed strength differences were not caused by significant
differences in area fraction of metal/ceramic contact.

In comparing the images in Figure 2 with those in Figure 3, it appears that the interfacial copper
film (lighter phase) had broken-up more extensively and uniformly during bonds prepared in the
molybdenum hot press (7.5 MPa). The variability in copper area fraction at the interface was much greater
for bonds prepared in the graphite hot press (2.2 MPa); the variability in strength was also much greater in
these bonds. Regions of essentially complete interfacial copper coverage (similar to that in Figure 3a) were
particularly evident in the weakest beams. (We note that the images in Figure 2 and 3 were taken in regions
exhibiting the most extensive copper coverage near the tensile edge of beams.) Consequently, there appears
to be some correlation between joint strength and extent of copper film among beams with the same
processing history.

Differences in the interlayer/alumina microstructure are expected to cause differences in the
fracture behavior. The relative area fractions of copper/alumina and niobium/alumina contact can have an

impact because the work of adhesion, W, _, for copper/alumina interfaces is expected to be less than that

AD’

U The coating method used makes it difficult to exactly duplicate the copper coating thickness. In the prior study [17], the
copper layer for the bond prepared in the graphite hot press was somewhat thicker (3.8 um) than in the current work (3.0 ym).
As will be discussed, this thickness difference may be important in determining the ultimate interfacial microstructure and joint
strength properties. Systematic studies of copper coating thickness effects are in progress [94].

D13 &2



Ceramic Joining IV. Joining of Alumina via Cu/Nb/Cu Interlayers Marks et al.

of niobium/alumina interfaces. If the W, values for the copper-rich and for niobium-rich alloys that
develop in the interlayers have similar relative values, the areas of copper/alumina contact represent
relatively weaker regions of the interface. When such weaker regions are extensive and in the proximity of
interfacial or surface flaws, crack initiation and flaw propagation in these regions may occur at lower applied
stress than at or along niobium/alumina contact regions. The reduced stress may also decrease the extent of
plastic deformation in the adjoining niobium foil, contributing to a further decrease in the overall work of
fracture.

Figures 2 and 3 suggest that the differences in fracture behavior have microstructural origins. As
discussed in the BAckGroUND, the oxygen potential can affect the wetting behavior, interfacial energies,
W, ., and thereby work of fracture in metal/alumina systems. The oxygen potential in the two hot pressing
environments was expected to differ significantly, and thus, it was initially speculated that these differences
in ambient ro, had exerted a major influence on the resulting fracture behavior. The microstructural
differences evident in Figures 2 and 3, and an assessment of copper-oxygen versus niobium-oxygen
equilibria suggest that this is unlikely. The Po, at which niobium is saturated with oxygen (=3.1 at% O)
and niobium monoxide forms is on the order of 3 x 10-22 atm at 1150°C. Liquid copper exposed to an
ambient o, of 3 x 10722 atm at 1150°C is predicted to have a dissolved oxygen content of <<1 ppb. Thus,
if similar oxygen affinities pertain to the copper-rich and niobium-rich alloys that form during processing,
the copper-rich phase in the current study would be expected to contain essentially no oxygen regardless of
which of the two hot pressing environments was used. The work of Riihle et al. [75] demonstrates that the
work of fracture is lower for “pure” copper/alumina interfaces than interfaces between alumina and oxygen-
containing copper. Based on this, the extent to which the copper film dewets is the critical issue.

To assess the relative effects of applied pressure versus ambient o, on the joint strength
characteristics and the interfacial microstructure a third 99.5% alumina joint was prepared at 1150°C in the
graphite hot press, in this case with an applied load of 7.5 MPa. Figure 4 plots the combined sets of data for
joints processed at 2.2 MPa and 1150°C in the graphite hot press (weakest), those processed at 1150°C in
the molybdenum hot press (5-7.5 MPa), and the joint processed at 7.5 MPa (1150°C) in the graphite hot

press. Data from joints processed at 1400°C and the strength of the bulk 99.5% alumina are also included in
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Figure 4. Note that the strength statistics for the joint processed in the graphite hot press at 7.5 MPa
(192452 MPa), and those of joints processed in the molybdenum hot press are comparable. As a result of
increasing the applied pressure, interfacial microstructures more closely resembling those in Figure 2
developed. These results suggest that the different ambient o, in these two hot presses had at most a
minor influence on resulting microstructure and joint strength, and the applied load played the more
important role in controlling the resulting strength statistics. The ability to produce stronger joints at
1400°C despite a very low ambient ro, environment is also consistent with this conclusion.

If the interpretation presented is correct, then variations in strength reflect differences in the
severity, spatial density, and interaction among interlayer/alumina interfacial “flaws”. The most severe flaws
are cracklike voids along the interlayer/alumina interface caused by surface defects in the alumina or foil
thickness variations. These interact with one another and/or extensive regions where copper film breakup
is incomplete, large regions of copper/alumina persist, and W, is relatively lower. Since similarly prepared
99.5% aluminas were used, and the amount of liquid formed was essentially the same for bonds prepared at
1150°C and 1400°C, one concludes that higher bonding pressure or higher bonding temperature promote
film breakup. Further discussion supporting this view is presented subsequently."

ErrecTs oF ProcessiNng CoNDITIONS ON INTERFACIAL MICROSTRUCTURE EvoLuTiON

For the 99.5% pure alumina, which has been most extensively studied, there is a significant strength
increase associated with interfacial dewetting of the copper film. Weak joints developed at 1150°C when
small loads (2.2 MPa) were applied, while at higher bonding temperature (1400°C), ceramic failures were
prevalent. Temperature and bonding pressure are obviously important.

In a prior study [17], joints were produced at 1400°C (6 h, 2.2 MPa) using sapphire substrates to
allow observation of the interfacial microstructure. The interlayer/sapphire interfacial microstructure in
these samples exhibited spatial variability. Comparisons of regions at different stages of dewetting suggested

the evolution sequence, schematically illustrated in Figures 5a-c. The initially continuous copper film is

U It has been suggested that the strikingly consistent strength characteristics of bonds formed at 1400°C may in part be due to
diminished segregation of interface-weakening impurities as bonding temperature increases. We do not believe this is a factor in
the present work. When joints processed at 1400°C were annealed for up to 200 h at 1000°C in vacuum, a time interval expected
to be sufficient to allow interfacial segregation, ceramic failures were still observed in room-temperature bend tests [17].
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disrupted first where asperities in the alumina and niobium surfaces establish point contact with the
niobium and alumina, respectively, due to the applied pressure as shown in Figure 5a. This resembles the
early stages of models of interface formation during solid-state diffusion bonding [95-97]. Reimanis [43]
noted that during diffusion bonding of pure niobium to sapphire grain boundary groove ridges played a key
role in initiating contact formation. Similarly, in the niobium-copper case, grooving of the niobium grain
boundaries by the copper liquid creates groove ridges that ultimately contact the alumina surface, Figure
5b. When the groove ridge along the entire perimeter of a particular niobium grain contacts the alumina,
the liquid copper film is locally isolated, as shown in Figure 5b. Edge instabilities then ensue, leading to the
breakup of these copper patches into copper ligaments. Subsequently, these ligaments undergo Rayleigh
instabilities and form discrete droplets of copper, as shown in Figure 5c. The process resembles that
reported by Lange and Clarke [98] for the breakup of an intergranular film in magnesium aluminate spinel
(MgAl,Oy) sintered with lithium fluoride additions. Similar morphological changes arise during high-
temperature crack healing of sapphire [e.g., 99, 100] and during the break-up of thin solid films, e.g., copper
on sapphire during annealing at elevated temperature [60, 63, 67].

An evolution sequence during post-bonding annealing at 1150°C is shown in Figure 6. The sample
was bonded at 1150°C (6 h, 2.2 MPa). Large regions of predominantly copper/sapphire contact remained.
Microhardness indents were placed on the sapphire surface to serve as positional reference markers. The
sample was then subjected to several anneals at 1150°C (with no externally applied load), and the evolution
at selected marked regions of the interface was recorded using optical microscopy. It is clear that there are
substantial changes in the interfacial microstructure within 50 h at 1150°C. By comparing the same
interface position within the micrograph sequence, evidence for the suggested evolution sequence is
obtained. Spatial variability in the evolution may reflect local differences in grain boundary misorientation

and grain boundary energy (groove angle) which can affect the grooving kinetics.” Differences in the local

U Local variations in the copper film thickness may also be important and could cause spatial variations in the time required to
achieve ridge contact with the alumina. Even submicron variations in the niobium foil thickness can result in important
differences in the local copper film thickness, and local film breakup kinetics. At a larger spatial scale, we note that in the two
specimens bonded for 6 h at 1150°C at the same applied pressure (2.2 MPa), the weaker sample had a copper coating 3.8 pm
thick, and (interfacial) fracture surfaces that were dominated by copper, while the stronger had a 3.0 um coating and fracture

surfaces with more extensive niobium/alumina contact.
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values of 6 + 6} can also contribute to variability, and can additionally lead to redistribution or local
depletion of the liquid, or both. In other regions of the interface (not shown) asperities played a more
prominent role.

Increases in temperature, and in the applied pressure can be expected to accelerate the breakup of
the copper film. The kinetics of evolution dramatically increase when the melting point of copper is
exceeded. Interlayer microstructures before and after anneals of 2400 h duration at 1000°C, below the
melting point of copper, are virtually identical [21]. When transport occurs solely through the solid or
along the heterophase interface, the flux is minimal. In contrast, when samples are annealed above the
melting point of copper (1085°C), Figure 6, substantial morphological changes occur in only a few hours.
The presence of liquid copper plays a vital role in accelerating the evolution. Diffusion of niobium through
the copper liquid is expected to be rapid, and orders of magnitude (perhaps 103x) faster than solid-state
diffusion of niobium through copper. In addition, the solubility of niobium in the copper-rich liquid is on
the order of 10-30x higher than in solid copper, and increases with temperature [20]. Thus, more rapid
grooving, ridge formation, and niobium redistribution should occur as the temperature increases.
Temperature increases will also reduce the flow stress and increase the creep rate of the niobium,
contributing to an increased rate of niobium/alumina contact area formation due to foil deformation. In
comparing interfacial microstructures of sapphire samples prepared with a constant applied pressure of 2.2
MPa at 1150°C and 1400°C, it is clear that after 6 h film breakup is much more advanced at 1400°C. More
complete and uniform film breakup may contribute to the reproducibly high strengths achieved when
samples are bonded at 1400°C. Pressure increases are also expected to help bring adjacent noncontacting
solid surfaces into closer proximity, allow more irregularities and thermal grooves in the niobium foil will
contact the sapphire, and thus accelerate the initial stage of bonding and copper break-up. The higher
strength of joints processed at higher pressure at 1150°C would be consistent with this interpretation.

An important characteristic of the evolution is that during dewetting of the copper film,
niobium/sapphire or niobium/alumina interface is produced. The liquid copper provides a high diffusivity

path for the dissolution and reprecipitation of niobium, and morphological changes occur largely without
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generation of interfacial voids. The process has similarities to liquid phase sintering, and can be thought of
as liquid-phase-assisted diffusion bonding.

When sapphire is replaced with polycrystalline alumina, grooving of the alumina grain boundaries
by the liquid metal will occur, and the associated grain boundary groove ridges may also play a role in the
evolution. As illustrated in the recent work of Saiz et al. [49], grooving occurs more rapidly when the grain
boundaries are in contact with liquid than when in contact with vapor. The grooving rate is expected to
increase with temperature. The average grain size of the aluminas used is substantially less than that of
niobium (2100 pm) and thus, alumina grain boundary ridges can be expected to reduce the size of copper
patches, and facilitate breakup. Comparisons of interfacial microstructures of sapphire-based and alumina-
based joints prepared under similar temperature and applied pressure conditions reveal that the degree of
film breakup in the polycrystalline samples is indeed more complete and spatially uniform.

From an energetic perspective, the formation of strong defect-free interfaces hinges upon
redistribution of the niobium-saturated copper liquid to eliminate alumina/vapor and niobium/vapor
interfaces. It is desirable to have Y /\p + Vew, ALO; < Wb + YALo, where V. /np and Yoy, ALO, are
the energies of the copper/niobium and copper/alumina interfaces, respectively, and Yy, and ¥ ALO, are
the niobium/vapor and alumina/vapor interfacial energies, respectively. This is equivalent to requiring that
the sum of the contact angles of niobium-saturated copper on alumina and on niobium be less than 180°.
The combined results of DeLima et al. [90], and of Hodkin et al. [91] suggest a significant decrease in the
contact angle of liquid copper on niobium as the temperature increases from 1090°C to 1500°C. Similar
behavior in the present case would allow more complete elimination of interfacial flaws at 1400°C than at
1150°C. Subsequent dewetting of the interlayer/alumina interface and the growth of niobium/alumina
contact area requires that the niobium/alumina interfacial energy, YNb/ ALO;’ be less than the sum

Ycu/Nb T Yeu/ L0, - Extension of this method to other systems would require similar energetics.
ErrECT OF ALUMINA MICROSTRUCTURE ON ROOM-TEMPERATURE STRENGTH
Three-quarters of the beams from the 99.5% alumina-based joints processed at 1400°C failed in the

ceramic [17]. As a result, the interlayer/alumina interface in these joints must at least as strong as the 99.5%
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alumina itself. It was anticipated that by forming joints with progressively stronger aluminas, a transition to
interfacial failure might be observed, allowing an assessment of the interfacial strength. In the present study,
joints were prepared at 1400°C using both a higher-strength 99.9% alumina, and also using single crystal
sapphire. The use of sapphire eliminates the possibility of a glassy phase flowing to and filling interfacial
voids, however prior research demonstrates that a glass impurity is not required to form strong interfaces.
For example, Dalgleish et al. [72] report diffusion-bonded platinum/sapphire joints failed at stresses
approaching 1 GPa, and thus, the potential existed for achieving high fracture stresses in the present work.
A discussion of the potential dual role of glassy phases on fracture can be found in the study of DeGraaf et
al. [101].

Preparation of beams from the sapphire-based assembly proved difficult. During the machining of
plates, portions of the sample fractured. Only ten beams survived intact; one of these failed during
ultrasonic cleaning in acetone. Four beams were tested in the as-bonded condition; the failure strengths
varied from 114 to 177 MPa. All four failed at the interface, and the “average” fracture strength (142 + 29
MPa) was less than that of similarly processed 99.5% alumina joints. The remaining five beams were
annealed for 10 h in vacuum at 1400°C prior to testing. It was expected that such anneals would result in
more complete breakup of the copper film, and might promote healing of any near-interfacial flaws that
developed during machining. These five annealed beams all failed at the interface, at stresses that ranged
from 110 to 253 MPa. Although the annealing increased the average strength (185 + 60 MPa), the
statistics are poor.

Examination of the fracture surfaces of as-processed sapphire beams showed regions in which
copper patches >100 pm in size persisted. In other regions the film had locally dewetted the interface but
copper ligaments remain interconnected over dimensions >500 pm. Unbonded regions are also evident, but
the unbonded area fraction is comparable to that in 99.5% alumina beams that also failed along the
interlayer/alumina interface but generally at higher applied stresses. The results suggest a higher interfacial
fracture resistance in the polycrystalline materials, perhaps because of the interface topography.

Lithography and ion beam etching may be useful in producing sapphire substrates with controlled surface
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topography. The relationship between interfacial microstructure and strength characteristics is discussed
further in the subsequent section.

Joints produced using 99.9% alumina had a higher average fracture strength than comparably
processed 99.5% alumina. A limited amount of the 99.9% material was available for joining and testing. All
five beams tested at room temperature failed in the ceramic. The average strength, 359 MPa, exceeds that
for the 99.5% material, and the standard deviation (£26 MPa) is small. The average bend strength of beams
prepared from as-received 99.9% alumina material is =560 MPa, and thus, the bonded-beam strength is
only =65% that of the as-received ceramic. Grain growth during the bonding cycle (6 h, 1400°C) is Iikely to
contribute to this strength decrease. After thermal etching (45 min, 1350°C), the mean linear intercepts in
“as-received” and bonded 99.9% alumina were =0.9 and =1.2 pum, respectively. Seidel et al. [102] examined
the grain size dependence of the fracture strength of a similarly high-purity high-density alumina. Within
the grain size range of 1.7 to 11 pm, a roughly linear relationship between strength and the inverse square
root of grain size is indicated. Similar trends in the present material would account for =40% of the
observed strength decrease.

HiGH-TEMPERATURE STRENGTH AND FAILURE MODE

The remaining fourteen beams from the 99.9% alumina joint were mechanically tested at elevated
temperature. Figure 7 compares the temperature dependence of the fracture strength for this joint with that
of 2 99.5% alumina joint processed at 1400°C [17]. Although the strength improvement at room
temperature is modest, the superiority of joints prepared with the 99.9% alumina becomes evident at higher
temperatures. Above 900°C, the strength of the 99.5% alumina beams drops off rather sharply, while
failures still occur in the ceramic. In the 99.9% alumina joint, ceramic failures are also observed up to
1100°C, but they occur at substantially higher stress. At 1200°C, the four beams tested failed at the
interface within a narrow strength range (209-220 MPa). In the two beams tested at 1300°C, the alumina
and niobium undergo plastic deformation, as illustrated by the stress-displacement curve inserts in Figure

7. The area fraction of niobium/alumina contact is apparently sufficiently high that the remelting of the
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residual copper and the formation of small liquid droplets along the interface does not seriously degrade the
strength.

The majority of room-temperature fractures in beams from assemblies processed at 1400°C initiate
and propagate entirely within the ceramic. Similar trends persist as the test temperature is increased. Thus,
the interlayer/alumina interfaces formed in both the 99.5% and 99.9% alumina joints are sufficiently strong
for joining these particular aluminas. The relative strengths of interfaces formed between the interlayer and
the 99.5% versus 99.9% alumina is uncertain. However, the more homogeneous and finer grain size
microstructure of the 99.9% alumina, and the relatively smaller flaw (void/pore) size, should translate into
smaller and less damaging interfacial voids. The weakest 99.5% alumina beams tested at high temperature
(see 800°C and 1000°C in Figure 7) are characterized by large unbonded networks at the interface, while
only a few isolated and small unbonded regions developed in the 99.9% alumina joint.

ErrEcTs OF ALUMINA MICROSTRUCTURE ON INTERFACIAL (JoINT) MicrosTRUCTURAL EvoLuTioN

Joints using three different aluminum oxide substrates (Coors Ap995, NIKKATO ssw-999w, and
single crystal sapphire) exhibit distinct ceramic/interlayer interfacial microstructures and distinct fracture
characteristics. When highly polished single-crystal (0001) sapphire substrates are used there is generally
variability in extent of copper film breakup; this variability is accentuated when the bonding temperature
and pressure are decreased. In the coarser grain size 99.5% alumina, the copper film is broken up
completely at 1400°C, and again, decreases in temperature and bonding pressure lead to less complete and
homogeneous breakup. The joint fabricated with the finest grain size material, the 99.9% alumina, revealed
very few interfacial copper particles of large enough size to be observed with an optical microscope. The
copper was subsequently observed as round particles (<0.5 pm) at alumina grain boundaries via sEm (see
Figure 8). Note also the pronounced facetting of the alumina, the roughness of the ceramic fracture surface,
and the corresponding roughness on the metal fracture surface. The decreased wavelength of the interfacial
roughness relative to the 99.5% material, and possibly a higher amplitude of roughness, increase the surface

area produced during interfacial fracture, and force an interfacial crack to be redirected.
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Collectively, the results point to the important role that grooving of alumina grain boundaries,
and/or facetting of the alumina itself can have on copper redistribution, film breakup and the ultimate
interfacial microstructure. Relative to single crystals, the polycrystalline materials will have a greater spatial
variation in the driving forces and kinetics for grain boundary grooving and film break-up. However, the
ceramic grain boundaries appear to play a role in reducing the spatial scale of fluctuations in the copper film
to periodicities smaller than the niobium grain size. Regions of copper at the metal/ceramic interface that
are smaller than the 99.5% alumina grain size (<25 um) and widely separated are likely to be sufficiently
small that they are not of critical size for failure initiation. (Indeed, we note that when the copper is present
as ligaments that are fine in one dimension, or is in the form of small discrete particles, interfacial cracks
deviate into and tear the copper. It is only when the copper is present in the form of larger patches that the
failure propagates along the copper/alumina interface.) Copper diffusion along niobium grain boundaries
may lead to some copper loss from the interface, and contribute to copper depletion from selected niobium
grain boundary grooves. There is also some microstructural evidence suggesting that for the finest grain size
material, copper diffusion into the alumina may also reduce the total amount of copper second phase along
the interface. Consequently, polycrystalline joints are more likely to have strong interfaces, enabling

preferential failure in the ceramic, as observed in such joints processed at 1400°C.

CoONCLUSIONS

Multilayer copper/niobium/copper interlayers provided an effective means of joining alumina
ceramics. The fracture characteristics of the joints were sensitive to the alumina/interlayer microstructure
developed during processing. The nature of this microstructure hinged, in turn, upon the processing
conditions used, and the microstructure of the alumina selected. Dewetting of the initially continuous
copper films, the formation of discrete copper droplets (particles), and the concurrent increase of
alumina/niobium contact area were identified as key aspects of interfacial microstructure evolution.
Increases in bonding pressure at fixed temperature, and increases in bonding temperature at fixed pressure

improved the strength characteristics. Studies of fracture surfaces indicated that joints with a large

D 22 &



Ceramic Joining IV. Joining of Alumina via Cu/Nb/Cu Interlayers Marks et al.

copper/alumina interfacial area fraction were comparatively weak, and suggested a correlation between
increased joint strengths and an increased degree and uniformity of copper film break-up. As fracture
strengths increased, failures tended to shift from the alumina/interlayer interface to the ceramic, and
fracture strengths were ultimately limited by the strength of the ceramic. The alumina/interlayer
microstructure and joint properties were also sensitive to the microstructure of the alumina joined. Joints
processed at 1400°C using fine grain size alumina exhibited the best room-temperature strength
characteristics. When a high area fraction of alumina/niobium contact was achieved, joints retained useful
levels of strengths to temperatures above the melting point of copper.

More generally, the results indicate that strong and refractory joints can be produced using
multilayer interlayers in which the layer components do not exhibit significant mutual solubility. The
success of the method hinges on interfacial energetics that (initiaﬂy) promote void filling by the liquid, but
ultimately favor the growth of solid-solid interfaces and interfacial dewetting of the liquid film. If such
conditions are widely met, the joining approach may substantially expand the range of interlayer

constituents and designs that can be considered for the fabrication of refractory joints.
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TABLE I: PROCESSING CONDITIONS AND AVERAGE COPPER THICKNESS FOR
CopPPER/NIOBIUM/COPPER JOINTS
Coating Joining Hot Applied Interruptions
Substrate Thickness Temperature Press Load (Holds)
(jm) () (MP2) (Cmin)
99.5% Alumina 3.0 1150 Molybdenum 6.8-8.2* None
99.5% Alumina 3.0 1144 Graphite 2.2 None
99.5% Alumina 1.93-3.201 1150 Graphite 7.5 None
Sapphire 1.67-3.59t 1150 Graphite 1.6 None
Window
Sapphire 1153-30
Plugs 3.9 1382 Graphite 1.9 1288-60
1369-15
99.9%Alumina 2.9 1382 Graphite 2.3 None

t The thickness has been measured using both profilometry and mass gain techniques. The profilometry
measurements reveal variations in the copper thickness; the coating is thicker on the portion of the
substrate placed closer to the center of the deposition chamber. In cases where both mass gain and
profilometry measurements have been made, the average thickness determined by mass gain has been closer
to thicker profilometry measurement. It is expected that the average copper thickness in these two joints
deviates from 3.0 pm by 0.5 um at worst since the same amount of copper is evaporated in each coating run.
See reference [21] for further details on these measurements.

* The applied load in the molybdenum hot press is controlled manually with a hydraulic jack. Due to
thermal expansion in the hot press column during heating, the applied load increases and is manually
released. Consequently, the applied load fluctuates between the stated values, but an average load of 7.5

MPa is maintained.
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Ficure CaprTIONS

Figure 1 Failure probability plot comparing fracture strength of copper/niobium/copper joints
processed under various conditions to the strength of bulk 99.5% alumina. Circles represent
data from joints processed at 1150°C in a graphite hot press (2.2 MPa), while squares are
for joints processed at 1150°C in a molybdenum hot press (7.5 MPa). Data sets in gray are
from previous studies [10, 17] using similar processing conditions. Open symbols are for
beams that failed in the ceramic rather than along the metal/ceramic interface.

Figure 2 Metal side of fracture surfaces from joints processed at 1150°C in the molybdenum hot
press (7.5 MPa). Numbers in parenthesis indicate the failure strength of the beams. The
lighter phase is copper; note the correlation between extent of copper film break-up and
beam strength.

Figure 3 Metal side of fracture surfaces from joints processed at 1150°C in the graphite hot press
(2.2 MPa). Numbers in parenthesis indicate the failure strength of the beams. The lighter
phase is copper; note the correlation between extent of copper film break-up and beam
strength.

Figure 4 Failure probability plot comparing fracture strength of copper/niobium/copper joints
processed under various conditions to the strength of bulk 99.5% alumina. Circles represent
data from joints processed at 1150°C in a graphite hot press (2.2 MPa), while squares are
for joints processed at 1150°C in a molybdenum hot press (5.1-8.2 MPa). Diamonds
represent data from joints processed in the graphite hot press (7.5 MPa). Open symbols are
for beams that failed in the ceramic rather than along the metal/ceramic interface.

Figure 5 Schematic illustration of the mechanism of liquid copper film break-up. In (a), the film is
intact, with niobium/alumina contact only at asperities. In (b), grain boundary grooving
and ridging begin to isolate copper atop individual grains. In (c) liquid film instabilities have
led to the breakup of the copper film into ligaments or discrete particles.

Figure 6 Optical micrographs of the same region of sapphire/interlayer interface after anneals of
a) 15h,b) 22 h, ¢) 29 h, and d) 43 h at 1150°C. The lighter grey regions are the Cu phase.

Note the initiation of contact along grain boundary groove ridges.

Figure 7 Fracture strength versus temperature for 99.5% and 99.9% alumina joints processed at
1400°C. Numbers in parenthesis indicate the number of overlapping data points. Beams
tested at 1300°C underwent creep as indicated by the inserted stress versus displacement
curves. The slope of the curve at 1200°C is representative of those from tests performed at
lower temperatures as well.

Figure 8 SEM micrographs of the ceramic (top) and metal (bottom) side of a fracture surface in the
99.9% alumina joint. Note the facetting of the alumina and the roughness of the interface.
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Figure 1 Failure probability plot comparing fracture strength of copper/niobium/copper joints
processed under various conditions to the strength of bulk 99.5% alumina. Circles represent
data from joints processed at 1150°C in a graphite hot press (2.2 MPa), while squares are
for joints processed at 1150°C in a molybdenum hot press (7.5 MPa). Data sets in gray are
from previous studies [10, 17] using similar processing conditions. Open symbols are for
beams that failed in the ceramic rather than along the metal/ceramic interface.
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(180 MPa) (239 MPa)

Figure2 ~ Metal side of fracture surfaces from joints processed at 1150°C in the molybdenum hot press (7.5 MPa). Numbers in parenthesis
indicate the failure strength of the beams. The lighter phase is copper; note the correlation between extent of copper film break-up and
beam strength.
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Figure 3 Metal side of fracture surfaces from joints processed at 1150°C in the graphite hot press (2.2 MPa). Numbers in parenthesis indicate
the failure strength of the beams. The lighter phase is copper; note the correlation between extent of copper film break-up and beam
strength.
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Figure 4 Failure probability plot comparing fracture strength of copper/niobium/copper joints

processed under various conditions to the strength of bulk 99.5% alumina. Circles represent
data from joints processed at 1150°C in a graphite hot press (2.2 MPa), while squares are
for joints processed at 1150°C in a molybdenum hot press (5.1-8.2 MPa). Diamonds
represent data from joints processed in the graphite hot press (7.5 MPa). Open symbols are
for beams that failed in the ceramic rather than along the metal/ceramic interface.
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Figure 5
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(c)
Schematic illustration of the mechanism of liquid copper film break-up. In (a), the film is
intact, with niobium/alumina contact only at asperities. In (b), grain boundary grooving

and ridging begin to isolate copper atop individual grains. In (c) liquid film instabilities have
led to the breakup of the copper film into ligaments or discrete particles.
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Ceramic Joining IV. Joining of Alumina via Cu/Nb/Cu Interlayers Marks et al.

(© | R

Figure 6 Optical micrographs of the same region of sapphire/interlayer interface after anneals of a) 15 h, b) 22h, ¢) 29 h, and d) 43 h at
1150°C. The lighter colored regions are the Cu phase. Note the initiation of contact along grain boundary groove ridges.
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Figure 7 Fracture strength versus temperature for 99.5% and 99.9% alumina joints processed at 1400°C. Numbers in parenthesis indicate the

number of overlapping data points. Beams tested at 1300°C underwent creep as indicated by the inserted stress versus displacement
curves. The slope of the curve at 1200°C is representative of those from tests performed at lower temperatures as well.
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Figure 8 SEM micrographs of the ceramic (top) and metal (bottom) side of a fracture surface in the
99.9% alumina joint. Note the facetting of the alumina and the roughness of the interface.

D 40D



